Proteins purified on the basis of their affinity for RNA polymerase II effectively substitute for previously defined transcription initiation factors. In two assays, formation of initiation complexes and transcription in vitro, the RNA polymerase II-associated proteins behaved identically to a fraction containing transcription factors HIE and HFE. Both fractions greatly stabilized the association of polymerase with the promoter and were required for the formation of complete initiation complexes. By using the DNA-cleaving reagent phenanthroline-copper in footprinting reactions, the RNA polymerase Il-associated proteins were shown to be required for a DNA conformation change near the initiation site of the promoter. Based on similarity to the prokaryotic transcription complex, this conformation change is likely to represent a transition from a closed to an open complex.
The mechanism of transcription initiation by RNA polymerase II is one of the most fundamental processes in the eukaryotic cell, yet one of the least well understood. In addition to polymerase, several accessory initiation factors have been identified by in vitro reconstitution assays (1) (2) (3) (4) (5) (6) (7) (8) (9) . However, separated and purified factors in sufficient quantities for extensive biochemical analysis have been difficult to obtain. The recent cloning of the genes for several of the initiation factors has improved this situation (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) .
Despite the limitations imposed by the use of partially purified factors, significant progress has been made in defining some of the events leading to transcription initiation in vitro. The first step is recognition of the "TATA" element by transcription factor TFIID (2, 7, (21) (22) (23) (24) (25) (26) (27) (28) . TFIIA also appears to exert its stimulatory effect at this step, presumably through its interaction with TFIID (2, 7, 8, 22, (29) (30) (31) (32) . A stable complex of the promoter, TFIID, and TFIIB can be observed by native gel electrophoresis, in the presence and absence of TFIIA (refs. 18, 22 , and 32 and S.B., unpublished results). RNA polymerase bound to this complex can also be resolved in native gels, as can complexes formed by the subsequent binding of TFIIE/F. DNase I protection assays of the initiation complexes indicate that TFIIE/F binds downstream of the polymerase molecule, between positions +20 and +30 relative to the initiation site (22) .
Once the initiation complex has assembled, an ATPdependent "activation" step occurs (33) (34) (35) . Activation coincides with a loss of protein-DNA interactions between positions +20 and +30 of the promoter (22, 26, 36, 37) and probably consists of an ATP-dependent dissociation of TFIIE or TFIIF (22) . Initiation can occur once complexes are activated.
At some point in the initiation process, the DNA duplex must be unpaired to allow base pairing of the elongating transcript with the template strand. In prokaryotic transcription initiation, this unwinding is well characterized and known as the "closed-to-open" complex transition (38) . This kinetically important step is rate-limiting for initiation at many prokaryotic promoters. Here, we present evidence for a similar conformation change in eukaryotic promoter DNA upon formation of a complete initiation complex. It is suggested that the RNA polymerase-associated proteins (RAPs) promote the productive association of polymerase with the initiation complex and promote the conformation change.
MATERIALS AND METHODS Proteins. RNA polymerase II was purified as described (39) . HeLa fractions containing TFIIB and TFIIE/F were purified from whole-cell extracts (40) through phosphocellulose, single-stranded-DNA-cellulose, and DEAE-Sephacel (gradient elution) as described (8, 22) .
The RAP fraction was produced as described (41) . The concentrations of 30-kDa (RAP30) and 74-kDa (RAP74)
RAPs were estimated to be 5 gg/ml. One microliter per reaction mixture was used for in vitro transcription and gel-shift analysis.
TFIID was produced in Escherichia coli using a T7 polymerase-dependent system (42) . The TFIID coding region (with an Nde I site introduced at the initiation codon by PCR techniques) was ligated into pT7-7, allowing transcription of the TFIID gene by T7 polymerase. This plasmid was transformed into E. coli that produce T7 polymerase upon induction at 37°C. Extracts were produced according to a procedure suggested by J. LeBowitz (Harvard Medical School, Boston, MA). Briefly, cells were grown at 30°C to an OD590 of 1.0 and then induced at 37°C for 2 hr. The cells were harvested, washed in ice-cold Tris/sucrose buffer [50 mM Tris'HCI, pH 8.0/10% (wt/vol) sucrose], and resuspended in a minimal volume of Tris/sucrose buffer. The cells were lysed by treatment with lysozyme, followed by a short incubation at 37°C in the presence of 0.5 M KCl. The extract was then clarified by centrifugation for 60 min at 18,000 rpm in a Sorvall SS-34 rotor.
The bacterially produced TFIID was purified by passage through DEAE-Sephacel and chromatography over S-Sepharose. As estimated by Coomassie staining, the TFIID was 60-80o pure at this point, with lysozyme being the major contaminant.
In Vitro Transcription and Native Gel Electrophoresis. In vitro transcription was performed as described (21) , except that 20 ng of bacterially produced TFIID was used in each reaction mixture. Native gel electrophoresis was performed as described (22) , except that glycerol was omitted from the gel. To allow visualization of the TFIID-promoter complex (see Fig. 2A ), 4 mM MgCl2 was included in the gel buffer. Phenanthroline-copper footprinting was carried out within the native gel after resolution of the complexes, as described Abbreviation: RAP, RNA polymerase II-associated protein.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. in Kuwabara and Sigman (43) . The DNA within the complexes was then recovered and resolved on a sequencing gel as described for DNase I footprinting experiments (22 (44) (45) (46) . A cDNA encoding the RAP30 polypeptide has been cloned (19) . To further explore the relationship between the RAP proteins and previously characterized general transcription initiation factors, a RAP fraction was tested in two assays for the ability to substitute for each of the general initiation factors: complementation of an in vitro transcription reaction lacking one of the general factors and the ability to form initiation complexes with the other factors on the adenovirus major late promoter.
In vitro transcription reaction mixtures were reconstituted with highly purified yeast TFIID produced in bacteria, RNA polymerase II purified from calf thymus (39) , and HeLa cell-derived fractions containing TFIIB and TFIIE/F (22) . The RAP fraction could not substitute for the polymerase, TFIID, or TFIIB components of the reaction (data not shown). In contrast, the RAP proteins could support in vitro transcription in place of the TFIIE/F fraction (Fig. 1A) .
The RAP fraction was also tested in a native gel assay for initiation complex formation in conjunction with the other general initiation factors (22) . No interactions were observed with early complexes consisting of TFIID alone, of TFIID and TFIIA, or of TFIID and TFIIB (Fig. 1B, lanes 1-6) . However, when the RAP fraction was added to a binding reaction containing TFIID, TFIIB, and RNA polymerase II, dramatic effects upon the initiation complexes were observed (compare lanes 7 and 8). Specifically, a doublet of complexes (previously shown to require TFIID, TFIIB, polymerase II, and TFIIE/F) appeared. In addition, the overall amount of complexes containing polymerase was greatly increased. It should also be noted that the TFIID-TFIIB-polymerase II complex formed in the absence of the RAP fraction exhibited a slightly faster mobility than that formed in the presence of the RAPs. All of these effects were identical to those observed upon addition of the TFIIE/F fraction to the reaction mixture (lane 9).
The RAPs Promote Binding of RNA Polymerase II to the Initiation Complex. To further explore the effect of TFIIE/F on initiation complex assembly, increasing amounts of RNA polymerase II were added to a complex assembly reaction mixture containing TFIID and TFIIB. The titration of polymerase was performed in the absence or presence of TFIIE/F, and the complexes were resolved by nondenaturing gel electrophoresis ( Fig. 2A) . The presence of TFIIE/F caused a dramatic increase in the amount of RNA polymerase II incorporated into the initiation complex.
To establish whether this stabilization of polymerase was due to the activity of the RAPs and not some other factor in the TFIIE/F fraction, antibodies were used to block the activity of RAP30 (Fig. 2B ). Whereas preimmune serum had no effect on the initiation complexes (lane 2), anti-RAP30 antibodies disrupted formation of the polymerase-containing complexes (lane 3). There was not only a significant reduction in the amount of complexes, but the residual complexes exhibited the mobility difference noted in Fig. 1 8 and 9) . Furthermore, addition of the RAP fraction to the complete set of transcription factors caused an increase in the amount of complete initiation complex formed (lane 10) . transcription complexes were previously investigated using a combined DNase I protection/native gel electrophoresis assay (22) . To extend this analysis, the transcription complexes were resolved by native gel electrophoresis and probed with the chemical nuclease phenanthroline'copper (47) . This reagent is extremely useful because the cleavage can be carried out on the resolved complexes within the native gel matrix (43) . Phenanthroline-copper cuts DNA at all four bases in the minor groove, although some sequences are cleaved at a much greater rate than others due to local structural differences rather than specific sequences (ref. 47 and references therein).
Initiation complexes were formed on the adenovirus major late promoter. After native gel electrophoresis (Fig. 3A) , the complexes were probed with phenanthroline'copper (43 gel. The cleavage pattern of the free DNA is shown in Fig. 3B , lane 2. The region of the "TATA" element was found to be particularly sensitive to the reagent. This is strikingly similar to the -10 sequences of bacterial promoters, which are also hypersensitive to phenanthroline-copper cleavage (48) . unique to the adenovirus promoter, as similar cleavage patterns were observed with the human heavy chain immunoglobulin promoter (data not shown). Several differences were observed for promoter-TFIID-TFIIB-polymerase II complexes formed in the presence or absence of the TFIIE/F or RAP fractions. In the presence of the RAP proteins, the doublet of complexes exhibited slightly reduced mobility and the amount of complex was greatly increased (Figs. 1A, 2, and 3A) . The phenanthroline-copper cleavage patterns of the promoter-TFIID-TFIIB-polymerase II complexes formed in the absence and presence of the TFIIE/F fraction are shown in Fig. 3B, lanes 4 and 5. Several interesting features are apparent. (i) The hypersensitive site at position + 16 in the complete complex is not present in either of the complexes, consistent with DNase I protection studies, which indicate that TFIIE/F interacts with DNA sequences downstream of the bound polymerase molecule (22) . (it) The hypersensitivity at positions -5, -6, and -7 in the complete initiation complex was present at a reduced level in the promoter-TFIID-TFIIB-polymerase II complexes formed in the presence of TFIIE/F. However, the same complex formed in the absence of TFIIE/F does not possess this hypersensitivity. Identical results were obtained when footprinting was performed using the RAP fraction in place of TFIIE/F (data not shown). Therefore, the DNA conformation change represented by the enhanced cleavage is dependent upon the action of the RAP proteins. The reduction of cleavage observed in the promoter-TFIID-TFIIB-polymerase II complexes relative to the complete initiation complex is probably due to a mixed population of complexes, only some of which have undergone the conformation change to become hypersensitive to cleavage.
DISCUSSION
RAPs and TFIIE/F. In this report, we have shown that in both an in vitro transcription reaction and a physical assay for initiation complexes, the RAP fraction substitutes for a fraction containing both TFIIE and TFIIF. This result was somewhat surprising, since the prominent peptides of the RAP fraction, RAP30 and RAP74, are believed to constitute TFIIF and not TFIIE. Although contamination of other fractions by TFIIE cannot be completely ruled out, a simpler and more likely explanation is that both TFIIE and TFIIF are components of the RAP fraction. Although RAP38 and RAP30/74 are the prominent proteins in the RAP fraction, other proteins are clearly present. In particular, a DNA helicase activity has been detected in the RAP fraction that is not present in purified TFIIF (19, 46 (22) . This observation, along with the fact that the RAP proteins apparently do not bind independently to the TATA-TFIID-TFIIB complex (Fig. 1B) Drosophila RAP30/74 proteins suggest that the interaction may be transient (50) .
Transition to the open complex is rate-limiting for some prokaryotic promoters. As the eukaryotic initiation reaction appears to undergo a similar conformation change, it is interesting to speculate that some eukaryotic promoters will also be rate-limited, and potentially regulated, at this step.
